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1. Introduction.
The ability of energetic charged cosmic-ray particles to arrive at a par-

ticular location within the magnetosphere can be characterised by the cutoff
rigidity for the location and the direction of particle arrival. Knowledge of
the cutoff rigidity is a pre-requisite for the determination of the total radi-
ation dose from such particles at the location from the direction under consider-
ation. Calculation of cutoffs is a time consuming task, which can be expedited
by prior knowledge of the directions from which primary particles of any rigidity
are able to reach a specific location.

The general aim of the research reported here was to extend the information
previously available on the access of cosmic rays to Earth orbiting spacecraft,
at altitudes between a few hundred and a few thousand kilometres. This range
encompasses the locations encountered by all but the lowest orbit satellites
having periods of a few hours or less. There were several specific aims within
the general heading. Particular attention was to be paid to below-horizon
directions of arrival; to estimates of the effect due to the proximity of the
solid Earth; and to attempts to identify locations and altitudes at or near
which interpolation between cutoffs calculated for adjacent locations and/or
directions of arrival does not produce usefully accurate results. It was also
planned to start to investigate the sensitivity of the calculated results to the
various available models of the geomagnetic field, and to assumptions made in
connection with the effect of the atmosphere.

2. The effect of altitude on access from below-horizon directions.
Directions from which at least some particles are able to arrive at a given

location may in principle be determined by the use of a brute force method simi-
lar to that needed for explicit calculation of cutoffs. A very large comput-
ational effort is required to produce the necessary 5-dimensional matrix of
values using the standard trajectory-tracing technique. The variables involved
are the location (latitude, longitude, and altitude), and the particle's direct-
ion of arrival, expressed in terms of azimuth and zenith angles. It was, there-
fore, never intended that the project should be undertaken in that manner.

An alternative way to approach such a survey is to consider a particular
location and azimuth of arrival, and to then search for the largest possible
zenith angle at which the location may be reached by an incoming primary cosmic
ray particle. A technique was devised to search rigidity/zenith-angle space
for accessible arrival directions (Humble et al, 1983, attached as Appendix B).
The search proceeds, for a given location and azimuth, in the directions of
increasing zenith angle and decreasing rigidity, until no further accessible
directions of arrival can be found.

Each search was started at a zenith angle of 1000, above the local
satellite/Earth horizon at all altitudes considered (Humble, 1983, attached as
Appendix B; Table 1). It was found that, for zenith angles larger than that of

*the horizon, primary particles are only able to reach the satellite from gener-
ally westerly directions. Such particles experience a V x B force having a pos-
itive radial component in the final stages of their approach to the satellite.
Their trajectories consequently have positive upwards curvature, and the local
zenith angle of arrival can be larger than that of the horizon. The range of
accessible azimuths increases with altitude, as would be expected.
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In general, it would be expected that the largest accessible zenith
angle for a given latitude, longitude, and azimuth, would also increase with
increasing altitude. This was found to be the case. Defining Z to denote the
largest accessible zenith angle found at any altitude, regardless of latitude,
longitude, or azimuth, the following results were obtained:

Altitude Z
400 km 1500
600 156
800 166
1000 172
1250 180

More detailed results are given in the two publications which have so far arisen
from this work (Humble et al, 1983: Appendix A; Humble, 1983: Appendix B).

Note that a Z of 180 ° for a particular altitude means that primary particles
are able to reach a satellite at that altitude from the nadir direction, directly
underneath it, at at least one location somewhere on the orbit. This does not,
however, mean that all possible directions of arrival are accessible at such a

location. Easterly arrival directions at below-horizon zeniths are still
forbidden.

As the altitude increases above 1250 km a range of large zenith angles in
generally easterly directions begins to become accessible, whilst smaller (but
still below-horizon) zenith angles in the same azimuthal directions remain in-
accessible. The higher altitude permits particles approaching the general region
of the satellite at low altitudes from the west to pass above the top of the
atmosphere more than one gyro-radius beneath the satellite. Such particles will
arrive at the satellite from easterly directions at large zenith angles.

The phrase "generally easterly" used above requires qualification. The
precise azimuths at which these effects occur are latitude dependent. The
largest zenith angles of access occur in directions which are slightly equator-
ward of west in both hemispheres. The curve-under effect occurs in the set of
opposite directions, slightly to the poleward of east in both hemispheres.

Preliminary surveys were conducted at altitudes of 2400 and 3600 km. These
computations, like all others in this study, were performed for 20° intervals in
latitude and 60* intervals in longitude. At 2400 km the curve-under phenomenum
4as found to exist only at latitudes between 20°N and 20°S. At these latitudes
the effect is also markedly longitude dependent, due to the asymmetric nature of
the geomagnetic field. Accessible easterly zenith angles were found to commence
at the nadir, zenith angle 180, and to extend to zenith angles of about 140,
with a couple of cases running up to 1100, well above the satellite/Earth horizon
at this altitude.

Similar results were obtained for 3600 km altitude, except that the range
of allowed easterly zeniths is much larger and the latitude range extends to 40'
in both hemispheres. The longitude effect is not so noticeable. Furthermore,

a considerable number of cases were found at this altitude for which some east-
erly azimuths are accessible at all zenith angles. In these cases the range of
zeniths accessible by particles from the west looping below the satellite over-
laps the range accessible by particles of other rigidities approaching more
directly from the east. Due to the nature of the search algorithm employed,
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it is suspected that a few more such cases may exist than have actually been
detected. Detailed checking in a few directions suggests that the algorithm
probably detects at least 90% of the occurrences.

3. The Interpolation Problem.
The results obtained in the course of the above calculations show that there

are some regions and directions at which simple interpolation of cutoffs between
-" adjacent directions and/or locations is able to produce usefully accurate results,

whilst at other directions/locations this is not so. In general, cutoff inter-
polation in below-horizon directions is practicable at those directions and
locations at which the gradient of the maximum accessible zenith vs. azimuth
curve (Humble,1983: Appendix B; Figure 1) is moderate. Useful interpolation is
impracticable wherever that curve is steep, since discontinuities in maximum
accessible zenith angle occur quite frequently in that situation. The dis-
continuities are due to the increasing or decreasing of the influence of
particular components of the geomagnetic field as azimuth of arrival changes.

The accuracy of the interpolation process varies both with altitude and
with azimuthal direction. The most reliable values can be obtained between
azimuths of 1950 and 345* at 3600 km altitude, reducing to a rather smaller
azimuthal range, of about 90, at 400 km. This range is centred about dir-
ections which are approximately (270 - latitude)*, significantly to the
equatorward of west at all but the lowest latitudes.

4. Comparison of Geomagnetic Field Models.
The present project is based on, and has made use of some results from,

work performed previously. That work used the then best available numerical
model of the internal geomagnetic field, being an 8th order model based on a
1975 field model extrapolated forward to epoch 1980.0 by use of associated
secular drift coefficients. It was known at that time that this model was not
ideal, and that more accurate models would shortly become available.

About the time the present project commenced a 10th order definitive
International Geomagnetic Reference Field for epoch 1980.0 was published.
Accessibility calculations were immediately performed for selected locations
using this field model, in order to assess the sensitivity of the results to
the choice of field, and to determine if it would be necessary to recalculate
any or all of the results previously obtained. The 10th order field model
requires the use of approximately 25% more computer time than do the 8th
order models, and comparative calculations were therefore also )erformed
using the 10th order field arbitrarily truncated to 8th order. The sensitivity
of the results to the choice of field model was found to be location dependent,
being most noticeable in the South Atlantic and South American regions
(Humble et al, 1984). (This paper, which is attached as appendix C, reports
an amalgamation of work carried out under the present contract and related wori4
performed separately by AFGL staff). The sensitivity in other regions is not so
strong, and it was not deemed necessary to recalculate many of the previous

*results. 
1
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5. The effect of the atmosphere.
This aspect of the project was directed towards determining the effect on

the results of the use of a realistic model atmosphere to determine cosmic-ray
absorption, rather than making use of the standard assumption that the atmos-
phere is completely opaque to any primary particle which descends below an
altitude of 30 km. Only very preliminary calculations were completed, amounting
to little more than the necessary checking of the computer programmes involved.
The few available results appear to indicate that the 30 km limit is a sensible
approximation. This result had been anticipated; however, considerably more
work will be required before any definitive conclusions can be drawn from this
aspect of the project.

6. Publications.

Humble, J. E., D. F. Smart, and M. A. Shea, "Cosmic Ray Access to Satellites
from Large Zenith Angles", 18th International Cosmic Ray Conference,
Bangalore, Conference Papers, 3, 442-445, 1983. (AFGL-TR-83-0296)

Humble, J. E., "On Directions from which Cosmic Rays may reach Earth
Satellites", Proc. Astron. Soc. of Australia, 5, 265-267, 1983.
(AFGL-TR-84-0251)

Humble, J. E., M. A. Shea, and D. F. Smart, "Sensitivity of Cosmic Ray
Trajectory Calculations to Geomagnetic Field Model Representations",
Phys. of the Earth and Planetary Interiors, in press.

Copies of the above papers are attached (Appendices A,B,C).

7. Scientific Presentions.

Humble, J. E., D. F. Smart, and M. A. Shea, "Hits Below the Belt -

Cosmic Ray Direct Access to Low Altitude Satellites from Earthward
Directions", 1982 Fall meeting of the American Geophysical Union,
San Francisco, CA., December 1982. Abstract published in EOS,
Transactions, AGU, Vol. 63, No. 45, p. 1055, November 9, 1982.

Humble, J. E., "The Directions from which Cosmic Rays May Reach Earth
Satellites", Annual Meeting of the Astronomical Society of Australia,
Sydney, N.S.W., Australia, May 1983.

Humble, J. E., "Field Model Comparisons: Cosmic Ray Differences between
the Predicted and Adopted 1980.0 Fields", XVIII International Union of
Geodesy and Geophysics, International Association for Geomagnetism
and Aeronomy General Assembly, Hamburg, FRG, August 1983.

Humble, J. E., D. F. Smart, and M. A. Shea, "Cosmic Ray Access to Satellites
from Large Zenith Angles", 18th International Cosmic Ray Conference,
Bangalore, India, August 1983.

Humble, J. E., "Cosmic Ray Access to Spacecraft from Earthward Directions:
The Role of the Atmosphere", Annual Meeting of the Astronomical Society
of Australia, Coonabarabran, N.S.W., Australia, May 1984.

Abstracts of the above presentations are attached (Appendix D).
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COSMIC RAY I('CrSS TO SATEILITES F!NOM. LARGE ZI AGL.,

J. E.Eurbl e
-Department of P'hysics

University of Tasi ,nia
Hobart, Tasmania
Australia 7001

and
D.F.Smart and M.A. Shea

Air Force Geophysics Laboratory (P1G)
lanscom AFB, IMA 01731

U.S.A.

ABSTRACT

Ac the altitude of earth-orbiting satellites increases
it becomep progressively easier for primary cosmic-
ray particles to gain access to them from directions
below the geometric horizon. Results are presented
frot. a comprehensive survey of the largest accessible

S~zenith angles for a range of altitudes and geographic
locations. The search has disclosed that primary
particles are able to reach a satellite at an altitude
of 1250 k-m from zenith angles as large as 1780.

1. Introduction

Some interest has been expressed in recent times in the ability of
primary cosmic-ray particles to reach satellites in low altitude earth-
orbit from directions below the local. horizon. At the Paris Cosmic Iay
Conference, Hube et al. (1981) showed that primary particles are able
to reach a satellite at a zenith angle of 1200 from a range of western
azimuths at all the geogrophic locations which were investigated. The
calculations were snbstantiated by the results of experiments on board
the IlEAO-C satellite (N.Lund, private communication 1981). The
investigation reported here extends these studies by determining in a
systematic fashion the largest zenith angles accessible to primary
particles at a selected range of azimuths and set of satellite

* altitudes and l.ocations.

Calculations are reported for altitudes of 400, 800 and 1250 kin,
for latitudes at 200 intervals from 40'N to 40*S at each altitude, and
longitudes at 60' intervals starting at 00 at each latitude. For each
location thus defined a suitable range of azimuths likely to be accessible

* to primary particles at zenith angles of 1200 or larger (Humble et al.,
1981) was investigated.

2. Method

The calculations have been carried out using the standard traject-
* ory calculation program (Shea et a..,1965). For continuity with earlier

work we have continued using the former International Geomagnetic Refer-

ence Field for 1980.0, as extrapolated from IGRF 1975.0 with the use of

'I....

0.°
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C cular coi lect i', coe f f Lii et (AA uy iu oup,1970) WP TInot that
fitLttre Cit] CkIIat [lIs fl!ilIol! use ti," P ( I' lef i fit iv(!' I CiR' 120 W .0 modeI r ult-
in'.. from the Id,iiburgh mo.t i uig of IACA (Peddie ,198?).

As zenith angleFC .ncrease at a particu] ,r location aid azimut!, of
arrival the Ilorizon lin: ted Rigidity-* necessarily dccrei';a s, due to tie in-

--creosed curvimre required for the final stage of the tra, octory (humble et
a ., I9S). A similar situation holds true for parti cu Lar penunmlbra1 bands.
The rather , ini e r~i ded, but effective, search teclhique used was, there-
f l e, to Col_.:a.C0 calculaitions at zenith angle 120' and a 1 arge rigidity,
1:U ily roUnd 30 GV. If this trajectory was , llowed the zen ith angle was
incrc:.entt d by 2' whil;t if it was forbidden the rigidity was decrementud
by I%. The process was, then repeatcd at the new zenith or rigidity.

The technique is fast, in thjat the majority of the trajectories
i.vlved arc s;i:ple ones. It has the effect. of following particular pen-
urh ral f e.'tures through increa,; ing zenith angle's. If one such band ends
as zenith any-]e increases the next ]owes;t (in rigidity space) band is
automatically found. This proces;s continues until the Sto ier cone is
encOcUtIteCd. The technique does ignore the possibility that a penumbral
allo..red band may cx st at relatively high rigidities extending to larger
zenith anigles than, do the lower rigidity bands first explored. One or two
such exanr-ples have becn found, the clear implication being that great care
must be used in selecting the starting rigidity.

3. Results and Discussion

The largest accessible zenith angles, Z, found at each location are
listed below.

Al titude Longi tule 0 60 120 180 240 300

400 kin 40 N 144 142 142 144 138 136
20 N 140 140 138 136 144 148
0 138 138 140 138 138 138
20 S 136 142 144 144 136 136
140 S 136 136 130 138 146 140

800 km 40 N 156 154 156 156 148 146

20 N 164 160 160 160 164 162

0 151 160 160 1.60 158 162

20 S 156 156 158 166 160 156
,40 S 146 146 140 148 158 158

1250 kin 40 N 162 162 162 162 156 152
20 Te 178 178 176 178 172 168
0 172 174 174 176 176 178

20 S 166 164 166 174 174 170
40 S 154 154 148 154 164 170

*The highest rigidity with which primary particles can reach the site.

h was called "Allowed Pipgidity" in our 1981 paper; we believe the
preset non eln to be inre descriptive.

S................y.y........................................ ............ ...........
. . - . . , . .. . , o . . . . .,, ,, - . , ' . - _ - - '. . .. , , ,,,, 4, ,= .. a,- . ,. ., . . .. . . . ..
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Figure I slho.,: scans of the largest acccf;sihl, zenith angles. found
ye rsus n:i ruth, for one , ite at encah Itittde at 400 km altitude. Note
that the Zrgest zenith algle accesqsible at each site occurs at azimuths
to the equatorward of West. Thi., :Is true in all cases which we have
nvestigaLed. Note al:o the fine details plotted for 20'N 300'. Extcn-

sive calclations were undertaken at this site.

The dlstribution of Z with latitude varies according to the
altitude invol ved. At 400 km there is no detectable relationship between
Z and lat.itude. HVowver, a relationship begins to be apparent at 800 km,
and is imucb more obvious. at 1250 kin, at which al1titude the largest values

fZ ar1-e rotud brtixen 20'N and 20'S. The Z values at higher lati-
tudes arc noticeably reduced.

The largest values of Z found at each alt:itude, and indicated in
the table, are 148' at 400 km, 1660 at 800 khi, and 1780 at 1250 km.
These compare with horizon zenith angles of 110, 117, and 1230 respective-
ly. The listings only indicate values actually found at a selected grid
of locations. They do not exclude the possibility of larger values being
found at noa-grid locations. The limited spot checks which we have made
at 400 km only, for various latitudes between 40*N and 20'S have revealed
one such case, an allo:ed trajectory at a zenith angle of 1500. Due to
the method used we cannot completely guarantee that larger angles than
those listed also exist at the grid locations. However, we believe that
significant variations are unlikely.

Tt should also be noted that the calculations are artificial in one
* important respect. They assume, along with earlier calculations, that all.

particles descending below a local altitude of 30 km undergo interaction
with the atmosphere. The general agreement referred to earlier between
the 1EAO-C observations and early calculations for 400 kin altitude suggest
that the assumption nay be reasonable, but the point requires elucidation.
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A = (6l/ )undrbound -0.14 (txl/IO)Neuton and, further, differences in trends between the hemispheres,
for which there is already sonic evidence in the observations

Where Al is the deviation of the daily average intensity I from reported here.
a reference intensity o. The latter was chosen as the value of The generous cooperation of Professor K. Nagashimadaily average intensity on 1I July, one day before the (Director), Professor K. Murakami and Dr Z. Fuju of the
commencement of the decrease. Cosmic Ray Research Laboratory, Nagoya University, who

The A variations are shown in Figure 2(c). They exhibit a assisted with the arrangements for purchasing the proportional
prominent 27-day periodicity, clearly not initiated by the counters and with the design of the counter units and who
Forbush Decrease. It seemed that the variations might be due provided the Nagoya GO data, is gratefully acknowledged.
to the interplanetary North-South anisotropy for which firm The authors also wish to thank Mr J. Cooper, who was in
evidence has emerged during the last decade (Swinson, 1971). charge of the Mawson observatory in 1982, for his skilledthis is a B x 7(n) phenomenon, where B is the interplanetary construction of the framework and for the installation of themagnetic field (IMF) vector and V(n) is the density gradient telescope underground.

vector of cosmic ray particles, directed radially outward from
the Sun. The resulting particle drift normal to the plane of the
ecliptic produces a diurnal variation of intensity (in sidereal Jacklyn. R. M.. rec. Int. Symp. Cosmic Rays, Tokyo. 89 (1976).

Mori, S., and Nagashima. K.. Planet. Spce Sci.. 27, 39 (1979).time) and a daily average intensity term. It is the latter, known Swinson. D. B., J. Geophys. Res.. 76, 4217 (1971).
as the North-South (N-S) asymmetry, that is of interest here.

The N-S intensity 1(6), at a latitude 6. varies as sin 6. Thus it
is asymmetric with respect to the hemisphere of observation,
an increase in one hemisphere being mirrored b) 4:rease in
the other and vice versa. Moreover, the asymmetry reverses
direction with reversals of direction of the sectorised field
vector B. It has a flat, - , rigidity spectrum. The magnitude On Directions from which
of the asymmetry, at mid-latitudes of observation, is usually Cosmic Rays Reach
small, being -0.1%. Thus it can easily be swamped by large o ic ay may
isotropic variations. Earth Satellites

Until now, only the large multi-directional telescope system
at Nagoya, Japan, has been able to detect the N-S asymmetry J. E. Humble, Physica oeprtment, Univ/ray of Tasmanle
with sufficient accuracy for day-to-day variations to be
observed. Isotropic effects are removed by recording the
difference of intensity between north-pointing and south-
pointing (equatorial scan) telescope components. The daily
difference measurements, known as GO, have been observed to It is easy to feel, on an intuitive basis, that prmary cosmic
Sfollow a 27-day variation, within which the peaks tend to rays of at least some energy range will be able to reach a

satellite in earth-orbit from all directions above the local
correspond with the Towards direction of the sectorised IMF geometric horizon and from essentially no directions below the
and the troughs with the Away direction. This expected horizon. This argument suggests that directional cosmic ray
correspondence has been achieved on more than 70% of daily detectors on board satellites may safely assume that the onlyT occasions over several years of observation (Mori anddeetronbadselismysfeyss ethth ny
occasin severl yparticles received from earthward directions must be splash or
Nagashima 1979). albedo particles from the atmosphere, and that any equipment

In Figure 2(c) the variations of GG, inverted because of the liable to possible radiation damage should be preferentially
latitude asymmetry, are compared with the variations'of A. It located on the earthward side of the satellite. In actual fact
is clear from the close agreement between them (linear primary cosmic rays can have quite sharply curved trajectoriescorrelation coefficient r - 0.62) that the systematic variations in the magnosphere, thereby enabling some particles to gainof GG and A are due to the same phenomenon. That they are intemntoprthebealngseprilstoanofGOanAaredue to the sety ame penfomnon.hat theyaccess to a satellite from a range of directions below the local
due to the N-S asymmetry can be seen from the strikinggemtihozn.Tepsntwrpeetsectgeometric horizon. The present work presents recent
correspondence of the peaks and troughs of the variations with quantitative results on this matter.
the Away and Towards polarities of the IMF (Figure 2(d) ).

The Calculations
Coneluslom Calculations have been carried out using the standard
The most promising feature of these initial results, achieved by computer program for computing cosmic ray trajectories in the
quite different methods in the two hemispheres, is the fidelity magnetosphere (Shea et al. 1965). For continuity with earlier
with which the variations from Nagoya and Mawson have work the former International Geomagnetic Reference Field
tracked each other, not only over the period shown, but in for 1980.0, as extrapolated from IGRF 1975.0 by use of
succeeding months. It means that a sufficiently high degree of secular correction coefficients (IAGA Study Group 1976) has
stability of observation has been attained as to enable, for the been used. The differences caused by the use of this model of
first time, various kinds of long-term trends in the average the geomagn-tic field rather than the more recently published
intensity underground to be investigated in both hemispheres definitive IGRF 1980.0 model (Peddie 192) will be the subject
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of further investigation. Preliminary computations suggest that Table 2

the differences will not be large.
The procedure adopted is to calculate, by numerical The variation of largest accessible zenith angle with geographic

integration of the equations of motion, the trajectory of a location at 400 km altitude.

negatively charged particle leaving the satellite in a specified
direction. This trajectory will be precisely the same as, but lb
traversed in the opposite direction to, that of a positively -Latitude Longitude
charged particle arriving at the satellite from the specified
direction. If the trajectory of the negative particle enters the 60 120 180 240 300
atmosphere, at an altitude of 30 km or less above mean sea- 40 N 144 142 142 144 138 136a
level, it is unlikely that an inbound positive particle would 20 N 140 140 138 136 144 150

0 138 138 140 138 138 138emerge from the atmosphere in that particular direction, since 20 S 136 142 144 144 136 136
it would have been destroyed in interactions with atmosphere 40 S 136 136 130 138 146 140

particles before doing so. The particular direction of arrival is,
* therefore, considered to be forbidden to incoming particles.

The argument is stronger yet in the event that the trajectory has also been investigated at altitudes of 600 and 1000 km.
intersects the solid earth. Some additional azimuths were also investigated at 400 km

The only significant force acting on the cosmic ray particles altitude, "With the aim of detecting any fine scale dependence of
in the magnetosphere is v x B, and it is obvious that the only largest accessible zenith angle with azimuth.
particles able to reach the satellite from directions below the At each location sarches have been carried out at 300
local horizon are those for which v x 3 has a positive radial azimuth intervals, ranging larger or smaller as required from
component in regions close to the satellite. Broadly, this will 2550. These generally westerly directions are those previously
tend to facilitate access from below horizon zenith angles for mentioned for which v x B is known to have a positive radial
particles arriving from westerly azimuths (Humble edtl. 1981 component in the region of the satellite. The risk that the usewhilst inhibiting such access from generally easterly directions. of azimuths so predetermined might lead to a self-fulfilling
R t prophecy in the final results was avoided by taking care to

esults extend most of the searches in azimuth until it was evident thatCalculations of this type produce a plethora of results no further possibility of access at large zenith angles remained.encumbered with a number of parameters. The specific The largest accessible zenith angles found at each altitude,
variables are the location (latitude, longitude and altitude) of regardless of satellite geographic position or of particle
the satellite and the magnetic rigidity and direction of arrival azimuth of arrival, are shown in Table i. It can be seen that
(expressed in terms of zenith and azimuth angles) of the the increase in the angle with altitude is essentially linear, to
particle whose trajectory is being investigated. The presentcalcutions whae beajentor dieed towarstign g the resnt within the coarseness (2*) of the zenith steps used.
calculations have been directed towards finding the largest The programme used to obtain the above results makes azenith angles with which primary cosmic ray particles can complete set of calculations for any specified location and
reach the satellite at each of a range of locations. Searches for azimuth of particle arrival. For each set of initial conditions it
such large accessible zenith angles have been carried out at searches rigidity-zenith space for the largest zenith angle for

-.- locations specified by all possible combinations of latitude at whi
", 200 intervals from 40°N to 40°S inclusive, longitude at 60c

intervals starting at 0% and altitudes of 400, 800 and 1250 km algorithm used (Humble el al. 1983) is satisfied by finding a
Sitsingle allowed trajectory at a further, larger, zenith.

above the mean spherical earth. A smaller range of latitudes Consequently, the rigidity of the particle for which an allowed
trajectory is found is only a pseudo randomly chosen member
of the set of rigidities with which particles may be able to

1arrive at the satellite from the direction under consideration. It
Variation of Largest Accessible Zenith Anle with Altitude is necessary to recognise this restriction when considering the

rigidities quoted in the final column of Table 1.
There are considerable variations between the largest

• ,get accessible zenith angles found for individual longitudes at anySatellite Zenith Angle Accessible Corresponding given latitude and altitude. The results in Table 2 show this
Altitude of Mr0tson Zenith Angle Latitude Longitude Ariesth Riidity

(b.) (deg) (do$) (deS) (deg) (dea) (M) situation for an altitude of 400 km.
The inference from Table 2. and from similar computations

400. 110 ISO 20 I6 300 204
-
6 ,.09

600 11, 156 20 X 300 195 6.535 at other altitudes, is that the largest accessible zenith angle isgo0. 111 166 20 i ISO 345 6.216 not a strong function of latitude, at least between 40°N and
1000 I 72 20 N 0 25) 8.897

20 N 60 25) 10.432 400S.
11 , 123 too 20 1 0 195 9.444

20 N 0 2)S 9.444 The azimuths in which the largest accessible zenith angles
"Searches performed at latitudes 40.. W0"t and 0' oJ,. occur are, however, a strong function of latitude, with a
#A €ouputttonally non-standard alinuth. The largest accessible tenith angle marked tendency for the largest zenith angles to be found at

found at 400 he at a standard aesiuth see 14*. azimuths to the equatorward of west, as shown in Figure I.

-0~
"2 ' .. . . . , '',. '- . "' . '. ' ' " - .. - . , " . "- *--" ." ," . &-- , - . . / , . - ," " ' - , " "
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HYDRA -The New Ob-
I Lot /.0N

136 LonIO serving Environment at the
Parkes Radio Telescope

1__6_ -J. D. Argyros, D. Brown, J. F. Deane, M. Firth, R. F.
I /Haynes, A. Henderson, A. J. Hunt, P. Y. Lee, H.

131f - Lot 20N - May, P. S. Mulhall, P. T. Rayner and M. Willing,
Lon 300" Division of Radlophysics, CSIRO, Sydney

Introductlo
150' After 21 years the Parkes radio telescope has undergone a

Lo " major refit. A new VAX-I 1/750 running VMS has replacedthe aged Digital Equipment Corporation PDP-9 computer.
Z 130' Lon 120 Other new equipment includes two systems not previously

"I available - the Mk II RING communication system (Willing
a) 1and Ables 1983) and the 'observer workstations'.

A new observing system, called HYDRA, has been
Lot 20" developed to enable the general user to make the best use of

130" Lon 120" the new facilities.

Specification of HYDRA
1/.( - Two extreme approaches could be taken when designing such a

system:
Lot (a) The piecemeal approach - one simple program working
LotOWS . in complete isolation for each type of observation.13Ion 2/.0" (b). The 'integrated' approach, in which the hardware and

each of the simple programs are linked into a complete
14, denvironment for performing astronomical observations.

It is neither desirable nor practical to design a single
S, , , I , , . . .. monolithic observing program to control the whole range of

W180 270 0" 90r observations that are performed at Parkes. A continuum
Azimuth scanning program and a program for collecting pulsar data.

for example, have quite different requirements.
Figure 1. l'he variation with latitude and azimuth of largest accessible The design of HYDRA allows individual components to be
zenith angle for a satellite orbiting at 400 km altitude. The longitudes enhanced or replaced with ease. To this end we have provided
chosen are those for which the accessible zenith angle was largest for a software framework which permits, in a convenient and
each latitude, standardized manner, communication between the user, his

) equipment, his data files and the telescope control and
receiving equipment. This framework supports software

Coadmslo. components which perform the data collection and collation,

Satellites in earth orbit at medium altitudes with orbital as well as post-observational processing. It is easy to add
inclination of 400 or less may easily be reached by primary observing programs and post-observational processing
cosmic ray particles from zenith angles well below that of the programs to this well-defined framework (as long as a numberlocal geometric horizon. At altitudes of 1250 km and above of ground rules are observed).The following requirements were taken into considerationparticles can reach the satellite from all possible zenith angles. during the dsign.

The research was supported by the U.S. Air Force
Geophysics Laboratory grant numbers AFOSR-80-0232 and (a) Observers often wish to analyse data immediately; they
AFOSR-82.03 13. should be able to continue observing while this is being

done.

Humble, J. E., Smart, D. F., and Shea, M. A., 17th International (b) Each of the observing programs should have the same
Cosmic Ray Conference, Conference Papers, 10, 270 (198). user interface. This interface should be provided via a

Humble, J. E., Smart, D. F., and Shea, M. A., 18th International menu system in which all of the data input to the
Cosmic Ray Conference, Conference Papers. in press (1983). observing program are specified. The menu system shouldIAGA Division I Study Group, J. Ceophys. Rev., 31, 5163 (1976). be many-layered, allowing the user to control the various

Peddle, N. W., . Geomag. Geoelec., 34, 6, 309 (1982).
Shea, M. A., Smart, D. F., and McCracken K. G., J. Geophys. Rev., parts Of the system separately. A help faclity should be

70, 4117 (1965). provided to explain the function of that layer, and to

%,
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The cu!i jf f ri ri ii t y i z a conrlept .41i (h r.!C'-*Cri i. 1he waciqnrl. i c: I-h f~c

i'rovid'ad jyj' the -~!I idi f jell~ aqajinsl: Uhte arr ivi 1of hsqe C(2:C

~t i r, 1 C i,... i.ty a !pc'ciatl ized torm. cinn pr"r unit chvircarq th.. t

dlzdc ilk~ V-h- cttrvoture of the paith of a ch~iirgcd parti e everi~ the 0 0o-

i; lqncetic fi el-1 it is a unit inr-pendernt of pirticle L-r--,cies or nu1.cle&r cCIV-

K ~ ponition, w:hich Carl ho -urivrted to, an enerr7,y for any spccified chrclo", nuclei.

Thecu~'ffricficli y of riny gorahclocaEtion iv. a fuiicrion of both tzhe zenith

cird azir,:2ji *,n-,1.- of arrival, At the SL]rfa': _ Of the es-rth ienTd in the vertic.-

al chrec: t in.the cuofricriciity hnas a value of -13 to -148 GV at the ccos-ric-

.y ciu ol % COis thieC -Etijcally Zero at the riirt ~e. In actld r

Ec tyi: a:j I.-- Cm~A icci -:lff is, in yenieral, ndt Sflafe an'd in imore techni cci

tir~: --- upr cjter cutoff' a rigiclity above- which all particles. citc

1 1cc~~eci in tN i 7 vi -ic C1 irect ion.l ' owCt CC),,outDj Cu of I I iiitylclc

t; i~ ic~li- Ver crpt~c1 to arr ive f rom th,? scf iecl directiu-.n. . ~

nr'ef ot i~: u~ ~f c~u~tlrc for the rc-16tive tran.,purency of th' cc :ic

" r~ onof pIla ticic uir~ot ion inl theIc rAqi~tcfjc does mcd

0iaI l 9fr -- i~ a Ljnplll;' diya1:)!- ieold. TO d'-t r-,Lrwi .

Otjht d , i-~ Et ci f:" (;eC01 ai cC3I l Ci ion dorr.! d irect ijun~

':10' i -YCrw LCCOl2I a utIh'-'rtic-aJ ri! r?] cl of g
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Estlj~tes of cutoff rigiditJes obtained from traiectorv cilculations

ere first ublished by Freon ard McCrac:en (1962). A considerable number of

such cutoff rgriditie-, have subzcquently been calculated (Shea and Sr.rt. 19F.2.

and referencc therein).

The aim of these calculations has grenerallv been to obtain a parametcr

suitable for the ordering of data from cosmic ray detectors, either mobile or

statiorary. on or close to the surface of the earth. The cutoffs obtained

should refer to the epoch in which the data were obtained, and for this reason.

and also for the purely practical reason of availability of field models, cut-

offs have b.' .en calculated at one time or another with most of the field models"

w, hich have been available. includinr4 those of Finch and Leaton (1957). Jensen

and Cain (1962). and IGRF models for 1965.0 (IAGA Commission 2. Wotking Grou-p

4. 1969). 1970.0. 1975.0. and 1975.0 projected forward to 1980.0 (IAGA Division

1. Study Group. 1976) and 1980.0 (Peddie. 1982).

2, MTHOD

To specif, the exact path of a chargied particle in the geornagnetic

field it is ncessary to num-rically integrate the differential eauation of

motion

(r=

.%.'cn, the entie tr.Jectory from its commencetient point. In ..rinrip.e a y

nu;~irical intexatatio 1 techniaue m.iy' be used. Due to the complex traiectcr o-

:'" .u ('" T- " c.'"...... r',v ~p~[l with which t.' -. : concerin... ,e w iij,

, ~:d:J,:.,. e,,, the u'? of the fou-th order iuqegra:utta in tewat on teclrnluu,.

." - ," -" ," ~~~~~~~~~~~~~~~~~~. .r..."*........."- •-"..... ..-.... ... "-.-,'.,".'-- .... '",-.,
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ver ti cal1 diirection. The calculal.-ions were' corCItCIJILCi twitil eithe- Acc&es to

the in'teri.-lcirretar y medii vazas~u ( Lhe tra-iectocv eonral~ tk-o a distanice of

rlore Lh;Fsi 25 eoth~ rii) (-)or tlk' trajecctory ~ founj to be forhicd--r. For-

biJeri~rarc':.''r~s wredivided into two qrrjj, tho: -e whichinrsctdt'

sol ic. carth (a e r-ntn trajectories) awill thceze focr which no solutiron

coul 1:eobtaned ithii: a rc-asoner&.'e number of i te- rat ior arbi trar-i Iv s]ct

at 2001,LI'r. Taet-iesOf the- lattcr type- -irc. gonproll fc'uiO2 only atlo-

tiens-- at hjiqh qL'om..;1cjnet c. leitudonK'. They clii- n.,),- form a sicni ficrnit fractio

olf th-e r CSLI rerr ehr
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were obtained. Significant differences have been fend between the effectiv,.

vertical cuLoff rigidities calculated for Epoch 1965.0 and thone calculated for

Epoch 1930.0 Changes of the order of ±0.10 GV were calculated for miany areas.

of the world. Major increases were calculated for the North Atlantic Occan

area. alid major decreases for the South Atlantic Ocean and South American

areas. as illustrated in Figure 2.

4. THE COSMIC RAY EQATOP

When it became practical to calculate vertical cutoff riqiditis L the

tra3ectory-tracing technique it also becam.c feasible to locate the rmai:imurm in

the vertical cutoff rigJidity as a function of latitude at a Civen Ic'ngitu-le.

thereby determining the location of the cosmic ray equator by theoretical meth--

ods (Shea.1969). We hAve determined the cosmic ray equator for Eroch 1980.0

in the follo !inc! manner. Vertical cutoff riqidities were calculated at inter-

vals 1° in latitude and 5" in longitude in the region of the cosmic iay efuitt-

or. These calculations were made for approximately 10 discrete !titules at

c:ch longitude centred iround the location of the eauator determinecl for pre-

viowz Ep.ochs (Shea ani1 SmIrtart.1975). The maximum vertical cutoff ricgiditv for

e-_,c lcoritu*Je vas dcetcrrtned by a least sauares fit to the vertic:l cutcff

L ii1 t lorirn ecich l0TiCitu.ji'll meridian. with the loci of tlh, so Teintz dc-

f , the cor mic ray Equator. The location of the cosmic ray equator fer

,:, I 0. I {.n1 that determined in a similar manner for evo)ch 1955.% -aro zhe .',

m e 3. The cormic ray e.ustor for Epoc~h 19.0.0 has: shifted TCo .

'. :'.,r, I" in ]atitu.j.. between lon-Titudes 280-E to 360 E ijth a (.f*'-, , u It

I i,:d,t' P.' i-. re th-in 4* in latitude between longitude X 310"i W.', ,

". ,e cosmic Foy ccq(]CU:tor ) th,_ , :;t '5 v ,. - , .

, .- n t=, th',Q c: th .~..erc,~n and ALlantic Ocean crect -

4 . .- ..

' .:."-. . - .. . . ....... ... . . . . . .
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Th_,z shift' in) th!e, l~ction)T of thle cosmic r Ay eaurltor is con!sistent with

the results o~f FePorre and Po;nercxAritz- (1970) w.ho rt-ported findincg a similar shift

byexierirnenlA ni- asure-men~rts alorrsT lonrritude 3460 . Other enrwna taue

ments ceru'te oer th:- pas;t 45 years. mostly in the Pacific Ocean area. 8170--

consistcmnt with the results shown in Firuce 3. that there ha2 been no sigrnific-

ant variation in the position of the cosmic ray equator in those lconcitucdes.

S1'AIECQYC .rLT N FOP SATELLITE ALT ITOPES,

In ackdit ion to the calculations rerrted in previous sectioni-s w.e have

als o com;outad,: a vetw extensive set of cutoff rigriditiesz for nonsonth

shell traversed by an earth satellite in a circu~lar geocentric orbit ant a mean

altatudie of 400 kmi. A total of 67 directions, of particle arrival were

considered at eatch of 132 locations, dis;tributed each 10* in latitude and 30* i n

lonqitude aroundrj the orbital surface, extendingT in latitude between 50N1 an:!

5005. Some anitial results have been reported (Humble et ,I. .1979) and a more

detailed re t-s cucrrntly being prepared. The calculations were coim-mencedl

in 1977. initially in cornnection uith experiments to be flown on board the

IIEA,.O--C spacecvaL-f[i. A field model:! for epoch 19&.0. was required, and the ICPF

1975. 0 odlwschose-n, extrapolated forward to 1980.0 by use of the

assciated eclrdrift coefficients (IAGA. 1976. rr~cit.). This field mondel?

rt h

is, of 8 ordc'c aind (ieclree. .eztfr±uu(edeiS)w

ca-rried out1A n~ sa-nuolm tes-ts todtrie na qualitative fashiont the,

C- INj ff~ m t e m d l rr v o s \ u e o t e (ccn
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1980.0 model. Due to the amount of computer time involved te were anxious to

tvoid a more (-omoreheivsive cormpari on unle.s such were forced upon us by the

results of the pilot study.

-A further complication exists, induced by the decision to define the

adopted 1980.0 model at 10th order and degree. Trajectory integration uses

large amounts of computer time. a considerable fraction of which is utilised in

evaluation oi the vector components of the geomagnetic field. The integratioTI

technique used (section 2) requires these mag-netic field vectors to be computed

four times per inteciratior, step. The computer time required for each comsuta-

tion of vectors increases by approximately the square of the degree and order
of the field model used. and the change from 8th to 10th order and degree

increases the comDutation time for a given trajectory by about 25%. (Thai-

this is less than the expected value is partly accounted for by our dropping

the higher order terms in the exp'ansion when they become insignificant at

increasing altitude.) We hove therefore also undertaken a qualitativc survey

on the effect of truncating the adopted model at 8th order and degree.

In this study we have compared cosmic ray culoff rigidities calculated

for 66 location_, on our world-wide ci-id using

(1) the 8 order and deg ree IGPF 1975.0 extrapolated foruard to 19S0.0

(abbreviated as X0M in the followinq discussion).

th(2) the 10 order and deiree GRF 1980.0 adopted field model truncated to

8 th order and dr.cwec (abbreviatcd as A08). and

Ith0 'I tho -'.lopt,- 10 ,rdk., and d.lr. IcP, l 0 (PedJie.l%2) ZbJ.,EfYviatu~J

as AID.

Tih- ie 'ulL' aine t.abt,!at.d in table 1.

t.-7
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I r~v.ct ionof i..'11. r I show-~ -. qriff i car di ff(vrrmr--: b xt rem th r,? i

ci ,L-~ ricd U-AVi I odd.1-S. The rigt di~y WTIO~dZued :e 1%~

t~~y~J ~' C.t r~r'c I yc' ~rs c~I.:I & -if m i t.L:y t (t ~I. but it-. i:7,

c] c--tr ev*en at t his itcw]th'At the choici cA field mode. is criticcI in soC'le

Another set of calculation,- cisplay sc-ns -.iCivity to Choice of field

irockd- Char.A riric F re able to reach orbiting sal -I lites fr-ot rier;r~ral 1,,

we-~er lv cil~ect ior- at ztenith angles cc'risideraiJjly larqer than that. of Uite loce.j.

ecth horizoni. W,- haA c(irried oit cuilculiatiin' to detertmine the larcte.-t

zen-ith1- angle-s with Which 2such par ticlcs are able to reach a satellito orbit-ini

at 00 I'm IM !he e I 39S ) pe o h result~s otained3 ui n, -; the
er Ahapeo h

adcted 10~ ordler f izeld is shown in figure 4a. In figure 41) we show the

dif4.ererices from the A10 field results obtaine.d by use' of the X08 anid A08

modelis. The r.majorvity of the differences are 2*, equal to the zenith. ar~gi

The imr] icatiori oE our result.- is that th e choice of fiel-:d rttckcle is

iruotan -- von ot. th,- rel-.ively co&T.5Ce satnlirr int ervals in rigidlity and

dj' :ct ioni of atrrivAl which have bee;,cn employed. Hlowever, it, should beo nolecd

tli.L t his is a c evrrcil Si'.tement, which doen not apply toy all traject~ories.

In- r. :tIy cas~ez iliclividlual tLreliec'ories are rather siiiiar ri-cardless ul the

field6 Uo% sd. Figqure 'AlW shw liueVs Ionai tudc econ foi. !such

tCIiv.-c)oy ccalculated, for the z-ame initial ccrtd.'i Liori. in eill three field

[mU' r. t~eLe I . w'y Ii s7igriif cemt, di ffL'cecel bfeAwoen the three

.................................
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Fo~r ra .rhies. hocwrver, the choicec of fi~amodel i:

c~u~2.-i1 .aryl7X~c thli: SiUMUtIJ~ fOC twO d3.ff,-rent !seLL. of

11-o "-1 ondi It I (I~. The- 3guxe show trtblly, diff'orent trriectcifie! ; in 'Zach

of th" field n--. Th.? filgurns c - prcesentck fmr iillUStrt\efup:e

only." a:11,ni.ictic'n c); vhnrt diffe r ercc3 car, b' foundi. andl it sh-uld rot. be

curiclu-iP~c froii them tilt ,.-rh dillf fecorces would ria-cessar ily lit? found ovra

ranjme of other initial con.iCliLioTIP. We note, however. that these traje-ctcries

pa- O~ir-ough the lAtil-nt ic region longitudes to which ref erence has been wiade irn

s ection 3.

6. D CU S ION YAND CflNCLI31-I ON

In the past few years it has becomie more apparent tha;.t the coEr.;ic ray

t~o:I~.ccryculationis u .:.c'd in the analyses of cos4mic ray ob:ervations must be-

ro~~ uiliing yieom-cjnptioc field moodels for the epoch in which the dat'a uere

obLLa i jd ThC e'ral secular tre~nd that has becomie apparenit over the !-ist 25

ye~t. .'; 0 1uf f ciently largC- to blE Ol~eeCUILIE ira precise cosrr.ic ray mea-~ure-

men1 ri. Furtherrr~re. itL would seem that- the IGRF for Epoch 1975 .0 and AtS

-'J'Aed 13reiic'e-1 irlla~ derivaltive., is p.-articuj'arly ill-suited for- the

~a~'.: . f e~ric -y data acquired in the longitude embracing thp Mt1,intic:

k-:Yi~ in r gu, 2b, miajor changes are found b-.etwe.en the vric

c~u'. rf f L c; Ii! c>-a 1- .:io.Loc for '-hr* world grcid for- Fr 'och n 1.965 .0 anid I $J 1in

I i i.tr t u ho r'. Vur. ShisI.,~~~amne loit'jitudin2U1 rcqic'a wherf) we h.ave?

fo.~!1. ~ri fI -niditf rei~~. j~w'a;~culoff ricj idities cooiuted for 1 9"0 usi r

1' h*,

jS -,:-e S L WU V 9 -a e-

%. . . . .
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fromi tlu' oeul C' 1 sc-ter oin the basi.s- of modelclultn. Mgliet'c/

1977or 979 Zia o al ,81 ard w r tcee irs a major kit itudiruil shift in

the co)- mtc ray 'tVJ Watr ovujE a 25--yeIu pieriod.

-W& nce( that tecions in which we find Tiajor chaniges ijti time in cos mic:
ray trajectories. cidr cutoff ricidities,- are similaler to t oerIo s i hc

the I,)Li;iont-al cc'mponent of the magnetic field shows temporal variations,

(Pecd iek,1298^2). Cosmic r'ay rnarticles respond to the integral of V xBP over

their ciitire pallh length in the geCoirT)AgiCti field. Cosmic ray trajtc-.es

havir- rigidities. ne-ar the cutoff have a larger fract-ion of th.eir trciectcies

at lower alitudes-- and are theref ore niose likely to !-e affected by the higher

order cco-rienYts: thAzt con-tribuite to the total geiamtcfie:Il topology.

We acknowledge he]lpful1 discu~ss ions with N. W .Pedd ie and comiputat ional

assis,-tance From T.var,, Orrmen and L.C.Certile. Par-t of thisc- work was cdrried

out under APO2PCcris 0-23 andl 82-0313.

Fircl~i.F' .an L~atn..P .1957. The Earth's main magqnetic field, epoch

19550. othly NMtices- %oyjLhston. soc. .CohsSul.7: 31 4-.

Freoni,?, 4tJNctkr, ., 92 A note on tir- vt-rticcl cutnfIf riciiditic-s.
I

of nOI~C td ys inI thIIg,,e cme:m q1~t I fihC e.vpzy.hs 4,JQ

* HmbeJ.. . Sart D.F.and SheaN.A. , 1933n. coic"( ray acce-ss to stlie
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Longitude 0 60 120 180 240 300

Field X08 A08 X08 A08 X08 A08 X08 A08 X08 A08 X08 A08

LatituJc

50N -2 0 0 0 -4 0

40"N -2 0 +3 0 0 0 0 0 -2 0 -6 -5

301 +1 0 0 0 +1 0 0 0 +4 0 +2 +2

20"N 0 0 +1 0 0 0 0 0 +1 0 +3 0

10" *,1 0 0 +1 0 0 0 0 0 -1 0 +1 +1

0 0 0 0 0 0 0 0 0 0 0 0 0

1OS +1 0 -1 0 0 0 -1 0 0 0 0 0

20"S -1 -2 -3 0 0 0 0 0 0 0 0 0

30"S -3 0 -2 0 -2 0 0 0 +1 0 +1 0

40'S +1 -1 -3 -3 +6 0 +1 0 0 41 +3 +2

-4 0 0 -1 +5

T&ble 1. \'Ortical u1i'er compUted cutoff rigidities calculated usinc

the etrapoltted (XO8) and truncated adopted (M8) geomag-

netic field models ezmre,;ced as a percentacge difference from

th e cutoff calculated for the 10t order and dcgree adop't,-d

(A10) field.

6 -" ,-.- -- . .-.. : ,.". -.,., :_.,-.,;- -,:-,: ; : ,": :- .- -- ','" - . . .. " "
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F I i S'[ ,

Figrure 1 Estim.ted ver+tical cutoff rigities. epoch 1980.0 The contours

are in units of GV.

Figure 2 Contours of averaged annuu1 change of estimated vertical cutoff

rigidity between 1965.0 and 19C0.0

Figture 3 Estimated geographic location of the cosmic-ray equator for epochs

1955.0 and 1980.0.

Ficiure 4a tarciezt zenith angile- at which charqed primary particles are able

to resch a satellite orbitinq at 400 km altitude. IGRF 1980.0

adapted to 10th order field.

4b The largest accessible zenith angles found using othr field

models. expressed as a difference from the results zhown in

Figure 4a. The abbreviations used are defined in the caption to

table 1.

Ficlure 5 Trajectories of 15.844 GV particle an-iving at (lat.0". long.120'.

alt.400hr,) from zenith 128*. azimuth 225".

Firure 6 Trajectories cf 9.828 GV particle arrivinr at (0'. 310". 4001,,m)

from (12t. 1'..". Note that the arrival direction is a-cessible

from irf irut.' i th. A08 an-I X08 field r-M,,s but i. inacc-.rsible

(tra-0:toiy forbidde'n) in thL AIO field.

.%

I[....,
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FiqtirII7 rcjuieis of 10.537 GV jricn cl arri~vI P4 tit 0* , 0* 40Lh)

f rom (13 ,~ 225 ) The dirc(-,cticri of ay.rival is forhidicd,.rg fro,,,

irifij- Ii t-y i n both the A08 and Al f ields, but is acce.szib)1C.e c-cr-.

jng L;) 1h.2 u~r1 er (":030) model.
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Hits Below the Belt - Cosmic Ray Direct Access to Low
Altitude Satellites from Earthward Directions

J. E. HUMBLE
Department of Physics
University of Tasmania

Hobart, Tasmania 7001, Australia

D. F. SMART and M. A. SHEA
Air Force Geophysics Laboratory,
Hanscom AFB, Bedford, MA., 01731

ABSTRACT

We have previously reported finding that primary cosmic ray particles
are able to reach satellites at 400 km altitude from zenith angles up
to 135% . More detailed investigations have now found that access is
possible at certain locations at zenith angles up to 150% , only 30* from

the nadir. Access from zenith angles of order 1400 to 144* is common and
occurs at all the latitudes which we have investigated between 40° North
and 50* South. Particles arrive at these large zenith angles from azimuths
on the equator side of west in both hemispheres.

Presented at the Fall meeting of the American Geophysical Union,
San Fransisco, CA, December 1982.

The Directions from which Cosmic Rays may Reach Earth Satellites
by HUMBLE,J.E., UNIVERSITY OF TASMANIA

It is easy to feel intuitively that primary cosmic
rays are able to reach earth satellites from all direc-
tions above the horizon and will be unable to do so from
directions much below the horizon. The falsity of the
latter assumption is discussed, and it is shown that
primary particles can reach satellites at 400 km altitude
from zenith angles up to 150. At an altitude of 1250
km primaries may gain access to the satellite from zenith
angles up to at least 178, essentially from directly
beneath the satellite.

Presented at the annual meeting of the Astronomical Society of Australia,
Sydney, N.S.W., Australia, May 1983.
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FIELD MODEL COMPARISONS: COSMIC RAY DIFFERENCES BETWEEN THE PREDICTED
AND ADOPTED 1980.0 FIELDS

J.E.lHumble

Physics Department

University of Tasmania

Hobart, Tasmania, Australia

Cosmic ray trajectories have been calculated using the 10th order definitive
geomagnetic reference field adopted at the 1981 IAGA meeting in Edinburgh;

the same field arbitrarily truncated to 8th order; and the Interim Geomagnetic
Reference Field for 1980.0, based upon the published 1975.0 field and its
associated secular drift coefficients. It is shown that in the majority of

cases the trajectories obtained using each field model are rather similar.
However, in certain circumstances considerably different trajectories result,
particularly if the location concerned is near to the South Atlantic Geomagentic
anomoly. The use of the different field models does not significantly alter
the largest accessible zenith angles calculated for some sample locations.

Presented at the XVIII General Assembly of the International Union of Geodesy
and Geophysics, International Association for Geomagnetism and Aeronomy
meeting, Hamburg, Federal Republic of Germany, August 1983.

COSMIC RAY ACCESS TO SATELLITES FROM LARGE ZENITH ANGLES

J.E.Humble

Department of Physics

University of Tasmania
Hobart, Tasmania
Australia 7001

and

D.F.Smart and M.A.Shea
Air Force Geophysics Laboratory (PHG)

Hanscom AFB, MA 01731
U.S.A.

ABSTRACT
As the altitude of earth-orbiting satellites increases
it becomes progressively easier for primary cosmic-

ray particles to gain access to them from directions
below the geometric horizon. Results are presented
from a comprehensive survey of the largest accessible

zenith angles for a range of altitudes and geographic
locations. The search has disclosed that primary

particles are able to reach a satellite at an altitude
of 1250 km from zenith angles as large as 178.

Presented at the 18th International Cosmic Ray Conference, Bangalore, India,

August 1983.
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Cosmic Ray Access to Spacecraft from Earthward Directions:
the Role of the Atmosphere

J.E.Humble
Physics Department, University of Tasmania

Previous calculations on this topic have used a very simple
model for the atmosphere. The model assumed the atmos-
phere to be totally transparent to cosmic rays at altitudes
above 30 km and totally opaque to them at lower altitudes.
The calculations reported here use a realistic model atmos-
phere. It is shown that the results obtained are similar
to those obtained with the cruder model.

Presented at the annual meeting of the Astronomical Society of Australia,
Coonabarabran, N.S.W, Australia, Hay 1984.
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